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Time-domain astronomy with the Fermi 
Gamma-ray Burst Monitor
https://ntrs.nasa.gov/search.jsp?R=20170007816 2019-08-29T23:36:41+00:00Z
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GBM:
• FOV >8sr
• Whole sky every ~90min
Data products:
• CTIME (continuous high time resolution)  
— 256 / 64 ms, 8 energy channels
• CSPEC (continuous high spectral resolution)  
— 4096 / 1024 ms, 128 energy channels
• TTE / CTTE (time tagged events)  
— 2μs, 128 energy channels
2
Large Area Telescope
Fermi Gamma-ray Space Telescope
12 NaI detectors 
(8keV—1MeV)
2 BGO detectors 
(200keV—40MeV)
Gamma-ray Burst Monitor
http://gammaray.nsstc.nasa.gov/
Triggering algorithms:
• In-orbit count rate increase in 2+ NaI detectors above adjustable threshold above background
• 10 timescales — 16ms up to 4.096s
• 4 energy ranges — [50-300], [25-50], >100, >300 keV
• Ground-based offline search for rate increase
• Earth occultation
• Pulsar phase folding
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Fermi GBM Science
Terrestrial Gamma-ray FlashesGalactic — pulsars, magnetars Gamma-Ray Bursts
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• Over 2000 GRBs have been detected since launching in 2008.
• 200 long GRBs / year -> massive star collapse.
• 40 short GRBs / year -> compact merger event.
• 13% seen by Swift.
• 52% within Fermi LAT FOV, 6% detected.
Gamma-ray Bursts
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Monitoring by Earth Occultation technique
https://gammaray.nsstc.nasa.gov/gbm/science/earth_occ.html 
• 200+ sources are monitored from X-ray binaries to Active Galactic Nuclei.
• 102 detections, 9 at >100 keV.
• Crab Nebula flux variations over the past decade, averaging 10% and  
up to 40% at 300—500 keV (Wilson-Hodge et al. 2011).
• Changes in shock acceleration or nebular magnetic field?
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Offline GRB search
• Untargeted search in the Continuous Time Tagged Events (CTTE) data.
• 18 timescales: 64ms to 32 s
• Four energy ranges
• GCN now available, more info at  
https://gcn.gsfc.nasa.gov/fermi_gbm_subthreshold.html
• Currently short timescale pipeline is released, long (2.8+s) pipeline is in progress.
• Expected rate is ~70/month (during periods of Cyg X-1 activity, it may increase by 4x).
• Current time delays range from 0.5 to 6 hours due to ground processing and data 
downlink.
• Location uncertainties are in the range of 10 to 40 deg (68% containment radius).
• List of candidates from older data (2013 and on) are available. 
http://gammaray.nsstc.nasa.gov/gbm/science/sgrb_search.html
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Offline GRB search
• Targeted search in the Continuous Time Tagged Events (CTTE) data. 
(Blackburn et al. 2015, Goldstein et al. arXiv:1612:02395)
• Looks for coherent signals in all detectors given an input time and optional skymap.
• Calculate likelihood ratio of source and background.
• Search +/- 30 seconds of input event time.
• Sliding timescales from 0.256s to 8s (capable down to 0.064s).
• 3 source spectral templates using Band function: soft, normal, and hard.
GBM LIGO
Ideal Scenario Bright GBM Bright LIGO
GW150914 
Scenario
Sub-threshold GBM Bright LIGO
Typical more 
distant short GRB
Bright GBM Sub-threshold LIGO
Both Sources Faint Sub-threshold GBM Sub-threshold LIGO
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equal count rates are expected in most of the NaI detectors if
the event is bright enough.
We ﬁnd that the localization of GW150914-GBM is
consistent with part of the LIGO localization annulus. If the
transient event uncovered in the GBM data is associated with
GW150914, then the GBM probability map can be combined
with the LIGO annulus to shrink the 90% conﬁdence level
LIGO localization by 2/3, as shown in Figure 4.
3.2. Energy Spectrum of GW150914-GBM
The data for GW150914-GBM imply a weak but signiﬁcant
hard X-ray source with a spectrum that extends into the MeV
range and a location that is consistent with an arrival direction
along the southern lobe of the sky map for GW150914.
Converting the observed counts in the GBM detectors to a
source ﬂux requires a deconvolution of the instrumental
response with an assumed spectral model. We sample a range
of arrival directions along the observed LIGO location arc,
using the data and associated responses for the detectors at each
location that are most favorably oriented to the arrival
direction. Table 2 suggests that NaI 5 and BGO 0 are the most
suitable detector set for all of the locations along the arc. We
use the rmﬁt spectral ﬁtting package28, which takes a forward
folding approach to determine the parameters that best ﬁt the
data for any model, given the instrumental response. The
minimization routine producing the best-ﬁt parameters uses a
likelihood-based ﬁtting statistic, CSTAT.
Because the event is very weak, we do not attempt to ﬁt the
full-resolution data (128 energy channels). Instead, we bin the
Figure 4. The LIGO localization map (top left) can be combined with the GBM localization map for GW150914-GBM (top right) assuming GW150914-GBM is
associated with GW150914. The combined map is shown (bottom left) with the sky region that is occulted to Fermi removed in the bottom right plot. The constraint
from Fermi shrinks the 90% conﬁdence region for the LIGO localization from 601 to 199 square degrees.
Figure 5. Power-law ﬁt to the data from 0.384 to 1.408 s relative to the time of
GW150914, from NaI 5 (blue) and BGO 0 (red), corresponding to the high
time bin in Figure 7. The symbols show the data. The solid line shows the best-
ﬁt power-law model. Residuals on the bottom panel show scatter but no
systematic deviation. We cannot use the ﬁrst and last energy channels in either
detector data type (there are threshold effects and electronic overﬂow events),
leaving the data from 12 energy channels included in the ﬁt.
28 http://fermi.gsfc.nasa.gov/ssc/data/analysis/rmﬁt/
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LIGO GBM
LIGO+GBM LIGO+GBM+Earth
601 sq deg ➡ 199 sq deg
et al. 1995; Burlon et al. 2009; Troja et al. 2010), and may
originate from a less collimated emission region that is
observable even when the GRB jet is not along the line of
sight to the detector.
An all-sky search of the GBM data revealed two candidates
below a threshold of 10−4 Hz chance probability. One transient,
occurring at 09:50:56.8 (11 s after GW150914), was visible
only below 50 keV, favored the soft model spectrum, and
lasted 2 s. Using the standard GBM localization procedure, we
found a source position of R.A., decl. = 267°.7, −22°.4 with a
68% statistical uncertainty region of radius 15° and a
systematic error of around 3°, as described in Connaughton
et al. (2015). At a position in Galactic coordinates of l, b = 6°.2,
2°.4, the event is compatible with an origin near the galactic
center, well separated from and incompatible with the LIGO
localization region. It is typical of the type of soft X-ray
transient activity seen regularly in the GBM background data,
particularly from the galactic center region. We do not view
this transient event as being possibly related to GW150914 and
we will not discuss it further.
The search also identiﬁed a hard transient which began at
09:50:45.8, about 0.4 s after the reported LIGO burst trigger
time of 09:50:45.4, and lasted for about 1 s. The temporal offset
of 0.4 s is much longer than the light travel time of 2−45 ms
between Fermi and the LIGO detectors. The detector counts
best matched those predicted from a hard model spectrum. We
reported this event in Blackburn et al. (2015b); henceforth, we
call it GW150914-GBM. Figure 2 shows the model-dependent
light curve of GW150914-GBM, where the detector data have
been summed using weights that maximize the signal to noise
for a given source model, and the unknown source model itself
is weighted according to its likelihood in the data.
2.2. The Rate of Detection of Short Hard Transients
in the GBM Data
The association of a likelihood value with a FAR is based on
an an lysis of two mon s of GBM data from 2009–2010
(Blackburn et al. 2015a). The FAR for GW150914-GBM,
10−4 Hz, is very close to the reporting threshold for the search.
The likelihoo value for GW150914-GBM is much lower than
those obtained for two weak short GRBs detected by Swift that
did not cause an on board GBM trigger but were found in a
targeted search, and much higher than three weak short GRBs
that wer undistinguish ble above the background in the GBM
data using our targeted search (Blackburn et al. 2015a).
Because the likelihood value was so close to our reporting
threshold, we considered the possibility that the background
count rates might be higher in 2015 than when the search
criteria and FAR were evaluated, implying a higher FAR than
10−4 Hz for GW150914-GBM. We used our targeted search to
examine 240 ks of GBM data from 2015 September with
218822.1 s of GBM livetime, excluding passages of Fermi
through or close to the SAA where the detectors are turned off
or count rate increases overwhelm any attempt to ﬁt a
reasonable background model. We ﬁnd 27 events above our
threshold, for a FAR of ´ -1.2 10 4 Hz, in agreement with the
previously estimated value. The distribution of events found in
the 240 ks interval is shown in Figure 3. This gives a 90%
upper limit on the expected background of hard transients of 35
in this much livetime, or ´ -1.60 10 4 Hz.
We determine the signiﬁcance of a GBM counterpart
candidate by considering both its frequency of occurrence
and its proximity to the GW trigger time. Our method,
described in Blackburn (2015) and attached as Appendix B to
this work, allows us to account for all of the search windows in
Figure 2. Model-dependent count rates detected as a function of time relative
to the start of GW150914-GBM, ∼0.4 s after the GW event. The raw count
rates are weighted and summed to maximize the signal to noise for a modeled
source. CTIME time bins are 0.256 s wide. The green data points are used in
the background ﬁt. The gold points are the counts in the time period that shows
signiﬁcant emission, the gray points are outside this time period, and the blue
point shows the 1.024 s average over the gold points. For a single spectrum and
sky location, detector counts for each energy channel are weighted according to
the modeled rate and inverse noise variance due to background. The weighted
counts from all NaI and BGO detectors are then summed to obtain a signal-to-
noise optimized light curve for that model. Each model is also assigned a
likelihood by the targeted search based on the foreground counts (in the region
of time spanned by the gold points), and this is used to marginalize the light
curve over the unknown source location and spectrum.
Figure 3. Distribution of transients identiﬁed by the targeted search pipeline in
±120 ks of GBM data surrounding GW150914. The events are between 0.256
and 8.192 s in duration and sorted by bes -ﬁt spectral type. The do ted blu line
marks the likelihood ratio assigned to nearby candidate GW150914-GBM,
while the long-tail in the blue curve (hard spectrum) represents the single on
board triggered GRB in the data sample. The green and gold curves show the
candidates that favor the other template spectra used in the search.
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Follow-up to Gravitational Wave Event 
GW150914
• Untriggered sub-threshold signal 0.4s af e  LIGO trigger.
• Consistent with a low-fluence short GRB coming from behind Fermi.
• Poorly loc lize  but consisten  with LIGO localization.
• 0.2% post-trials probability in statistical fluctuation.
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Follow-up to IceCube neutrino Events
• Utilizes all search methods:
• On-board triggers.
• Targeted search using event time.
• Untargeted search within the hour.
• Earth occultation technique.
• Good follow-up observation for IceCube-161103, upper limit published in GCN 20127.
• Other followup with limited GBM coverage: IceCube-170321A (GCN 20932).
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Summary
• GBM continues to be prolific in detecting GRBs and monitoring pulsars and 
Galactic transients.
• GCN notice of subthreshold GRB candidate events are now available.
• Continued development of offline data searches for joint detection of 
astrophysical transients with neutrinos and gravitational waves.
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Back-up slides
11
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GBM Untargeted Search
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Untargeted search algorithms:
• Initially developed for Terrestrial Gamma-ray Flash search.
• more details at http://fermi.gsfc.nasa.gov/ssc/data/access/gbm/tgf
• Using Continuous Time Tagged Events (CTTE) — 2µs time resolution with 128 energy channels.
• 2 detectors: 2.5σ and another 1.25σ above background.
• one-day probability threshold <1e-6 for release.
• Unfavorable geometry of the two above-threshold detectors are eliminated.
• 18 timescales — 0.064s to 32s.
• 4 energy ranges (optimized on GBM-triggered weak sGRBs).
• 27—539 keV
• 50—539 keV
• 102—539 keV
• 102—985 keV
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GBM Untargeted Search
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• 318 short, hard candidates found in 46 months.
➡ ~80 per year, twice the rate of GBM triggered short GRBs.
Short, Not Soft, Not Trigger
318 Events
Galactic Coordinates
Galactic coordinates
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GBM Candidate Event
• 2014-06-06 10:58:13.625
• Swift GRB 140606A
• Found in 0.25s time binning
• 93 - 494 keV energy range
• P=1.91e-16
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